Under anaerobic conditions the sulfonated azo dye Mordant Yellow 3 was reduced by the biomass of a bacterial consortium grown aerobically with 6-aminonaphthalene-2-sulfonic acid. Stoichiometric amounts of the aromatic amines 6-aminonaphthalene-2-sulfonate and 5-aminosalicylate were generated and excreted into the medium. After re-aeration of the culture, these amines were mineralized by different members of the bacterial culture. Thus, total degradation of a sulfonated azo dye was achieved by using an alternating anaerobic-aerobic treatment. The ability of the mixed bacterial culture to reduce the azo dye was correlated with the presence of strain BN6, which possessed the ability to oxidize various naphthalenesulfonic acids. It is suggested that strain BN6 has a transport system for naphthalenesulfonic acids which also catalyzes uptake of sulfonated azo dyes. These dyes are then gratuitously reduced in the cytoplasm by unspecific reductases.
Under anaerobic conditions the sulfonated azo dye Mordant Yellow 3 was reduced by the biomass of a bacterial consortium grown aerobically with 6-aminonaphthalene-2-sulfonic acid. Stoichiometric amounts of the aromatic amines 6-aminonaphthalene-2-sulfonate and 5-aminosalicylate were generated and excreted into the medium. After re-aeration of the culture, these amines were mineralized by different members of the bacterial culture. Thus, total degradation of a sulfonated azo dye was achieved by using an alternating anaerobic-aerobic treatment. The ability of the mixed bacterial culture to reduce the azo dye was correlated with the presence of strain BN6, which possessed the ability to oxidize various naphthalenesulfonic acids. It is suggested that strain BN6 has a transport system for naphthalenesulfonic acids which also catalyzes uptake of sulfonated azo dyes. These dyes are then gratuitously reduced in the cytoplasm by unspecific reductases.
Sulfonated azo compounds are widely used as dyes for textiles, food, and cosmetics. Both aromatic sulfonic acid and azo groups are rare among natural products and thus confer a xenobiotic character to sulfonated azo dyes. In conventional sewage plants, certain aromatic compounds carrying S03H groups as substituents, such as naphthol-and naphthylaminesulfonic acids, resist biodegradation or are incompletely degraded. As a consequence, 5 to 15% of the organic carbon content of Rhine River water is caused by sulfonated compounds and its secondary products (6) .
The isolation of a mixed bacterial community growing aerobically with 6-aminonaphthalene-2-sulfonic acid (6A2NS) or various other substituted naphthalenesulfonic acids as the sole source of carbon and energy has been reported from this laboratory (12) . The complete degradation of 6A2NS was basically described by a mutualistic interaction of two strains. Strain BN6 effected the initial conversion of 6A2NS to 5-aminosalicylate (5AS) in quantitative amounts, whereas the partner strain, BN9, could grow with 5AS but not with 6A2NS.
Under anaerobic conditions, many bacteria gratuitously reduce azo compounds to the corresponding amines (18) . In this report, this metabolic trait is used for total degradation of the sulfonated azo dye Mordant Yellow 3 (MY3) by an anaerobic-aerobic process, using a 6A2NS-degrading bacterial culture.
MATERIALS AND METHODS
Bacterial strains and media. The 6A2NS-utilizing mixed bacterial community and the isolation of strains BN6 and BN9 from this multispecies bacterial culture have been described by Nortemann et al. (12) . The 6A2NS-degrading, mixed bacterial community was grown aerobically as already described by these authors. For anaerobic transformations, the aerobically grown mixed culture was transferred to Hungate tubes (17 ml (2) . For the mixed bacterial community, an optical density at 546 nm (OD546) of 1 correlated to a protein content of 0.115 mg/ml. Glucose CI, color index (from reference 16) .
was determined in cell culture supernatants by an enzymatic test (10) .
Chemicals. 6A2NS, MY3, and Acid Yellow were obtained from Bayer AG, Leverkusen, Germany. 5AS, tartrazine, and amaranth were purchased from Sigma Chemical Co., St. Louis, Mo. All other chemicals used for mineral salts media and buffer solutions were from E. Merck AG. Biochemicals were from Boehringer, Mannheim, Germany.
RESULTS
The ability of the 6A2NS-degrading mixed bacterial culture to reduce sulfonated azo dyes was tested with the yellow azo dye MY3 (Fig. 1 ). This compound was selected as a model because reductive cleavage of the azo bond of MY3 would yield 6A2NS and 5AS, which are both growth substrates for the 6A2NS-degrading mixed culture under aerobic conditions (12) .
No decoloration of the azo dye was observed when the 6A2NS-degrading mixed bacterial community was incubated aerobically. When the coculture, however, was grown aerobically with 6A2NS and then incubated anaerobically in stoppered tubes, the medium was decolorized. Within 5 days, the culture (OD546 = 2.0) converted 50% of the MY3 initially present. No reaction was observed in a control experiment without cells.
The stoichiometric reduction of an azo bond yielding aromatic amines requires four reduction equivalents. We found that the rate of MY3 turnover by the mixed bacterial community under anaerobic conditions was considerably enhanced in the presence of glucose. After and glucose (10 mM). After complete decoloration of MY3, the culture was transferred to Erlenmeyer flasks, which were shaken aerobically. The initial concentration of 6A2NS during anaerobic incubation was due to the residual amount of substrate from the preceding aerobic cultivation. TOC, total organic carbon.
still restored the ability to grow with 6A2NS, albeit after a prolonged lag period (Fig. 2) . To demonstrate total mineralization of MY3, the dye was first incubated anaerobically with the 6A2NS-degrading mixed culture. Glucose was added to enhance the reduction rate of the azo dye. Analysis by HPLC revealed the disappearance of MY3 (1.5 mM) and formation of stoichiometric amounts of 6A2NS and 5AS (Fig. 3) . After complete reduction of MY3, air was reintroduced into the culture and aerobic degradation of 6A2NS and SAS by the bacterial community was monitored. The degradation of 5AS started immediately after reintroduction of air, while catabolic activity of 6A2NS was restored only after a prolonged lag period. Nevertheless, at the end of the experiment complete FIG. 4 . Spectrophotometric demonstration of an azo reductase in cell extracts from strain BN6. Cell extract was prepared from cells of strain BN6 grown aerobically with glucose. The decrease in the concentration of amaranth was determined spectrophotometrically in gas-tight cuvettes. The anaerobic reaction mixture contained, in 1.6 ml, Tris HCI (50 mM; pH 7.5), NADH (0.6 mM), and amaranth (0.06 mM). The buffer was made anaerobic by boiling and gassing with N2. (12) , and that of 5AS has been described by Stolz (17) .
anaerobic conditions only a very small amount of glucose (0.38 mM) was consumed. Residual glucose was immediately metabolized upon aeration of the culture.
Under aerobic conditions, the coculture used in this study harbors the ability to convert and desulfonate a wide range of sulfonated naphthalenes (12) . To determine the possible use of the culture to mineralize different sulfonated azo dyes, the ability of the culture to reduce various azo compounds was studied. After aerobic growth with 6A2NS, the mixed bacterial community (OD546 = 1.9) was incubated anaerobically with the azo dyes (0.5 mM each) amaranth (Fig. 1B) , 4-hydroxyazobenzene-4'-sulfonic acid (Fig. 1) (Fig. 1D) , and Acid Yellow 21 (Fig. 1E) together with MY3 as a control. After 3 days of anaerobic incubation, 37% of amaranth, 43% of 4-hydroxyazobenzene-4'-sulfonic acid, 98% of Acid Yellow 21, and 51% of MY3 were reduced, while 94% of the initial amount of tartrazine was still present. When glucose (10 mM) was added as a source of reduction equivalents, the azo dyes, except tartrazine (16% turnover), were completely metabolized.
To determine which strain of the mixed bacterial community was responsible for the reduction of the azo dye, cells of the mixed culture, strain BN6, strain BN9, and, as a control, Escherichia coli were incubated anaerobically with MY3.
Only the mixed culture and strain BN6 showed significant activities with MY3. The reduction rate of MY3 by the mixed culture and strain BN6 was significantly higher in cultures which had been induced with naphthalenesulfonic acids (Table 1 ). Pure cultures of strain BN6 showed higher specific activities with MY3 than did the 6A2NS-degrading mixed culture (Table 1) . Obviously, strain BN6 is the active member in the reduction of MY3 by the mixed bacterial community.
There were at least two possible ways for glucose to enhance reduction of MY3. It could act as a donor of reduction equivalents [e.g., via NAD(P)H or reduced flavin adenine dinucleotide (FADH2)], or its addition could result in more actively respiring cells, thus rapidly depleting the medium of oxygen and enabling azo reductase to transfer reduction equivalents to the azo dye. Therefore, the rates of oxygen depletion in the mixed culture (OD546 = 2.1) in the presence of MY3 with or without added glucose were compared. Under both conditions, a complete (<3% of the original oxygen tension) removal of the dissolved oxygen was observed within 6 min. Obviously, the endogenous respiration of the cells is high enough for complete and rapid removal of oxygen within the Hungate tubes. In another experiment, the course of the redox potential was monitored in closed culture vessels containing a redox indicator (resazurin). With or without glucose, the cultures reached the half-redox potential of resazurin (pH 7.0; -51 mV) in less than 10 min and a minimal potential of about -100 mV.
Several bacterial azo reductase activities have been described in cell extracts (13, 15, 19, 20) . When the red azo dye amaranth (Fig. 1B) was incubated in oxygen-free buffer with NADH as a source of reduction equivalents, a slow decoloration of the azo dye was observed. Addition of cell extract from strain BN6 did not cause an immediate increase in the reaction rate. However, the reaction rate increased drastically after a few minutes (Fig. 4) . The addition of flavin adenine dinucleotide (FAD) to the reaction mixture clearly enhanced this reaction and shortened the lag phase. A possible explanation for this pronounced effect is that FAD is reduced enzymatically by NADH and FADH2 can then spontaneously reduce the azo dye (13) .
DISCUSSION
Up to now the ability to mineralize azo compounds aerobically has been restricted to a few bacterial strains which utilize certain carboxyl-substituted structures (21, 22) .
Adaptation experiments with these cultures to growth with the industrially important sulfonated analogs were unsuccessful (9) . This corresponds to observations in this laboratory with MY3, which did not serve as a carbon or energy source in aerobic enrichment cultures.
On the other hand, it has been known for a long time that various biological systems possess the ability to cleave the azo bond reductively under anaerobic conditions (1, 18) . In mammalian tissues, azo reductase activity is mainly found in liver. A NAD(P)H-cytochrome c reductase and the cytochrome P450 system have been implicated in this reaction (7, 8) . Under physiological conditions, the intestinal flora is mainly responsible for the reduction of azo dyes ingested as food additives (14) . Correspondingly, the intestinal bacteria Proteus vulgaris and Streptococcus faecalis were found to reduce azo compounds (4, 13, 15) .
Most investigators studying the reduction of azo dyes by bacteria noticed the extreme lack of specificity of the azo reductase system and showed that cell extract or aged (damaged) cells reduced azo dyes more efficiently and metabolized a wider range of azo dyes than intact cells (3, 11, 20) . It was therefore suggested, especially in the case of sulfonated azo dyes, that permeation through the cell membrane is the rate-limiting step during bacterial reduction of azo dyes (11, 13) . The actual reduction in the cytoplasm of the cells has been suggested to be an unspecific process involving either soluble or enzyme-bound FADHs (5, 13, 15) .
Obviously, strain BN6 is actively involved in the reduction of MY3. This organism alone or as a member of the mixed culture can efficiently reduce MY3. This suggests that in these cultures only cells of strain BN6 have the ability to take up the azo dyes. Because strain BN6 must have an uptake system for the anions of sulfonated naphthalenes and, particularly, naphthylamine sulfonates, it seems reasonable that this inducible transport system may also take up sulfonated azo compounds gratuitously. This is the first demonstration of complete biological mineralization of a sulfonated azo dye. The pathway for the mineralization of MY3 can be depicted schematically as shown in Fig. 5 . When deprived of oxygen, the biomass of the mixed bacterial culture, which has been grown aerobically with 6A2NS, can reduce MY3 to 6A2NS and 5AS. These metabolites can be totally degraded and utilized by the culture when aerobic conditions are restored.
This system could be useful for the treatment of azo dye-containing waste-waters because, under anaerobic conditions, it reduces a wide range of azo dyes and aerobically oxidizes many different aminonaphthalenesulfonic acids.
